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ABSTRACT: The origin of the unusual solvatochromic shift
of p-nitroaniline (PNA) in supercritical carbon dioxide
(SCCO,) is theoretically investigated on the basis of
experimental data. Ab initio quantum chemistry calculations
have been employed to unveil the interaction of CO, with this
archetypical molecule. It is demonstrated that the nitro group
of PNA works as an electron-donating site binding to the
electron-deficient carbon atom of CO,, most probably via a
Lewis acid—base interaction. Moreover, a cooperative C—H:--
O hydrogen bond seems to act as an additional stabilizing
source during the solvation process of PNA in SCCO,. To
support the influence of solute—solvent specific interactions on
the lowest singlet 7 — #* charge-transfer excitation, we
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perform a sequential Monte Carlo time-dependent density functional theory simulation to evaluate the excited states of PNA in
SCCO, (T =315 K, p = 0.81 g/cm®). A critical assessment of this simulation, compared to calculations carried out within the
polarized continuum model, gives strong evidence that our proposed complexes are important in describing the solvatochromic
shift of PNA in SCCO,. The calculated red shift from the gas phase accounts for 66% to 80% (depending on the degree of
complexation) of the experimental data. Finally, these results also alleviate possible failures commonly attributed to long-range
corrected functionals in reproducing the solvatochromism of PNA.

1. INTRODUCTION

Supercritical fluids are ideal substitutes of common organic
solvents in several processes on industrial and laboratory scales,
due to their unique thermophysical properties." Considering
the inertness, low polarity, and suitable critical constants,
supercritical carbon dioxide (SCCO,) has successfully been
employed in fields ranging from green extraction techniques™
to dye processes.” Moreover, solubility of molecules in SCCO,
is an issue of great interest for understanding the supercritical
fluid process® as well as the role of specific solute—solvent
interactions.”” In this sense, recent studies’ on the high-
pressure solvation equilibrium processes of p-nitroaniline
(PNA) in SCCO, have demonstrated that its solubility
increases by increasing the pressure at constant temperature.
Additionally, this equilibrium solubility is slightly enhanced
when a nonpolar cosolvent is employed in the solvation
process.” These findings indicate that although PNA is a high
polarity molecule, which is a prototypical azoic dye, it is
unusually soluble in SCCO,. Therefore, specific solute—solvent
interactions should play an important role in enhancing the
solubility of PNA in SCCO,.

Specific intermolecular interactions of CO, with materials
containing electron-donating functional groups has long been
recognized as a Lewis acid—base (LA—LB) type complex-
ation.®® This is usually characterized by the interaction between
the electron deficient carbon of CO, and, e.g,, the electron lone
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pairs of a carbonyl oxygen atom of the interacting system.”'° In
some CO,-philic compounds, a LA—LB interaction may be
accompanied by a weaker, although cooperative, C—H:--O
hydrogen bond, acting as an additional stabilizing source during
the solvation process of CO,-philes with hydrogen atoms
attached to an a-carbon.'' Furthermore, these kinds of
interactions have been proposed and theoretically characterized
in formaldehyde complexes with HCN and FCN, which are
similar to the corresponding CO, complex.'” Recently, LA—LB
interactions have also been investigated for a variety of organic
molecules, including distinct functional groups,m’]4 from ab
initio calculations. Because of the chemical and engineering
implications of this specific interaction involving a nonpolar
solvent such CO,, it is timely to understand the basic principles
for designing other CO,-philic compounds under supercritical
conditions."

An interesting family of molecules exhibiting a rather
electron-rich group, but that appears not to be exploited as
CO,-philic species, is the chemical group of aromatic
nitrocompounds. Among this group, nitroanilines—z-conju-
gated donor—acceptor or “push—pull” molecules—have §reat
interest because of their large nonlinear optical responses'® and
intramolecular charge-transfer (CT) electronic excitations,
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Figure 1. Illustration of the optimized structures of the LA—LB complexes as obtained from MP2/aug-cc-pVDZ: (I) PNA-CO, and (II) PNA-2CO,.

which are strongly dependent on the local solvent environ-
ment.'”7>° For example, there is currently considerable interest
in the solvent-induced changes on the spectral properties of
PNA, for which the vibronic coupling of the symmetric )C—
NO, stretching contribution exerts an important influence on
the electronic absorption spectrum.'”?"** Dreyer and co-
workers”® have found a good correlation between the
vibrational frequency shifts and the lowest singlet 7 — #*
CT electronic absorption of PNA in solvents with different
polarities. Many other recent studies®*>® have investigated the
solvent-induced shift of this absorption band of PNA in water,
although none of them seems to have heeded the role of
specific solute—solvent interactions under supercritical con-
ditions. Only, Frutos-Puerto et al*’ have attributed the
nonlinear solvatochromic shift of PNA in cyclohexane—
triethylamine mixtures, under usual thermodynamic conditions,
to the possible hydrogen bond formation with the amino group.

In the present paper, motivated by the high-pressure
equilibrium solubility study® of PNA in SCCO,, as well as
the relatively high solvatochromic shift of the CT electronic
transition observed for PNA under supercritical conditions,***’
we employ different levels of theory to understand the
fundamental principles behind the interaction of CO, and
PNA. First, we investigate the possibility of this highly
polarizable molecule to form LA—LB complexes, in the same
sense in which carbonyl systems can form them, by employing
ab initio quantum chemistry methods. Second, we simulate the
supercritical conditions of CO, to obtain the structural feature
of the first solvation shells around PNA via classical Monte
Carlo method. Third, we utilize statistically uncorrelated
structures of PNA in SCCO, for sequential QM/MM
calculations®™®° to assess the lowest singlet electronic
absorption spectrum. Our results give evidence that formation
of LA-LB interactions, along with cooperative C—H---O
bonds, may explain the good solubility and unusual red shift
observed for PNA in SCCO, from its gas phase.

2. METHODS AND COMPUTATIONAL PROCEDURES

The calculations to investigate the proposed LA—LB CO,
complexes of PNA (see Figure 1) in this work have been
carried out using the Moller—Plesset partitioning method*®
truncated at the second order (MP2), as implemented in the
Gaussian 09 program.’” The augmented correlation-consistent
basis set with polarized valence of double-{ quality (aug-cc-
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pVDZ)*® was employed as a compromise between accuracy
and computational feasibility.>” Stationary points were found by
performing complete geometry optimizations at the MP2/aug-
cc-pVDZ level within the supermolecular approach, starting
with initial planar geometrical arrangements in C; symmetry.
Interaction energies were calculated taking into account
corrections for basis set superposition error (BSSE)>® through
the counterpoise (CP) technique.** Population analysis and
electrostatic potentials were properly obtained through the
MP2 electron densities, with maps generated over a grid of 77
X 77 X 77 points for further visualization.

Frequency calculations within the harmonic approximation
were also performed to obtain the vibrational spectra (infrared
and Raman intensities) and zero-point vibrational energies
(ZPVE) of the complexes at the MP2/aug-cc-pVDZ level of
theory. Raman light-scattering properties were also calculated
within this level for the most prominent Raman bands. The
differential cross sections of depolarized Raman scattering
observed at right angles to the incident beam are determined by
the activities,"' whereas the depolarization ratios for both
natural and plane-polarized light are, respectively, given by

_ 6(Aa’)?

" as(@)? + 7(Aa’)? (1)
_ 3(Aa’)?

f 45(@')” + 4(Aa’)? (2)

where @' and Aca’ are the derivatives of the average and
anisotropic dipole polarizabilities.*' The largest values of the
depolarization ratios arise for the most depolarized band,
varying in the 0 < p, < (6/7) and 0 < p,, < (3/4) ranges. These
are useful properties to identify possible changes in the
vibrational modes due to complexation. All of these calculations
were also performed within density functional theory using the
hybrid functional B3LYP.*

The lowest singlet 7 — 7* electronic excited state of PNA
and its LA—LB complexes was calculated within schemes of
time-dependent density functional theory (TD-DFT).”* To
describe the electronic absorption of PNA in the gas phase, we
started from its MP2-optimized geometry and considered the
long-range corrected functional CAM-B3LYP functional (LC-
DFT),* combined with the aug-cc-pVDZ basis set. We have
chosen this density functional because it has better reproduced
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the electronic transitions of PNA than regular hybrid B3LYP, as
compared to its gas phase spectrum. Furthermore, as recently
reported in ref 15, LC-DFT functionals are strongly
recommended for describing the nonlinear optical properties
of this prototypical chromophore. Although we are aware of the
possible limitations of these functionals in describing the
solvatochromic shift of the lowest intramolecular CT excitation
of PNA in water,24’26 we cannot proceed without TD-DFT for
a large number of explicit solvent molecules included in the
excited state calculations. As a first approximation to evaluate
the effect of SCCO, on the absorption spectrum of PNA, we
have combined TD-CAM-B3LYP with the polarizable con-
tinuum model (PCM)* using dielectric constant*’ & = 1.5,
which was determined for the supercritical conditions of CO,.
To describe the charge redistribution of PNA in the solvent
medium, we also considered the MP2 reoptimized geometries
within PCM.*® Furthermore, we calculated the spectra of the
CO, complexes of PNA in PCM (¢ = 1.5) following the same
prescription used for a single molecule, ie, MP2(PCM)//
CAM-B3LYP/aug-cc-pVDZ.

The effect of explicit CO, molecules under supercritical
conditions was also taken into account to investigate the lowest
singlet excitation of PNA, by employing the sequential QM/
MM method (S-QM/MM).>*~° Hence, performing a classical
Monte Carlo simulation with Lennard-Jones, Coulomb, and
geometric parameters proposed in ref 48, which reproduce the
critical point of CO,, we obtained statistically uncorrelated
conﬁgurationsm’34 of one PNA molecule in 500 CO,
molecules, at a temperature of 315 K and density of 0.81 g/
cm®. The absorption spectrum experimentally measured for
PNA in SCCO, is known from these conditions in the
literature.”® To carry out the S-QM/MM scheme, we have
considered two ways: (i) one PNA within an embedding of 350
point charges representing the CO, solvent molecules and (ii)
one PNA plus 12 explicit CO, molecules within an embedding
of 350 point charges. Finally, the excitation energy in QM
partitioning was calculated within TD-CAM-B3LYP/aug-cc-
pVDZ.

3. RESULTS AND DISCUSSION

3.1. Structure, Energetics, and Vibration Analysis of
the PNA-CO, Complexes. The two optimized structures of
the CO, complexes formed with PNA are displayed in Figure 1,
as proposed in this work. These complexes are supposed to be
mostly stabilized by Lewis acid—base interactions (LA—LB),
involving the nitro group oxygen atom and the electron-
deficient carbon atom in CO,. This assumption is noticed by
the presence of the N—O---C bond formed in complexes I and
II, which exhibit a characteristic geometry of LA—LB
complexation, similar to some extent to that occurring in
carbonyl compounds with CO,.%”"?

It is also possible to identify a nonconventional H-bond
interaction of the C—H:-O type, shared with a first neighbor
hydrogen to the nitro group in the aromatic ring of PNA and
one of the oxygen atoms of CO,. However, a description based
purely on geometric features is rather approximated to support
these intermolecular interactions. As we will discuss later, based
on the energetics and vibrational spectra, this H-bond acts
cooperatively” along with the LA—LB interaction, increasing
the stability of the resultant complexes, since formation of the
N-O--C bond removes electron density from the PNA
subunit, making it a more powerful proton donor near the
nitro group.
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All necessary geometric parameters to characterize these
intermolecular bonds are displayed in Figure 1, and the
optimized parameters for both complexes are given in Table 1.

Table 1. Geometric Parameters” Optimized at the MP2/aug-
cc-pVDZ Level for the PNA-CO, Complexes (Angles in
Degrees and Distances in A)

angles complex I complex IT
4 178.91 178.93
AG 1.09 1.07
a (N—0--C) 15837 15830
B (C=H--0) 176.46 176.55
distances complex I complex II
C—H (H-bonded) 1.091 1.091
A(C-H) 0.000 0.000
N-O (LA-LB) 1241 1241
A(N-0) 0.001 0.001
N=0 1.240
C=O0 (H-bonded) 1.182 1.182
C=0 1.178 1.178
NO---C 2.890 2.894
CH--O 2.366 2.358

“See Figure 1 for identifying labels.

The more emblematic parameters are the intermolecular bond
angles (@ and f), the covalent bond angle (8) of CO,, the
intermolecular distance (C:--O), and the H-bond distance (H--
0), which are used to assess the nature of the interactions. As
in the case of other LA—LB complexes, the calculated values
indicate the presence of weak C—H---O interactions, with a H---
O distance of around 2.36 A and 8 & 176°, acting cooperatively
to stabilize both PNA-CO, complexes. In turn, the calculated
O-+-C distance is around of 2.89 A in complex I, with a slight
increase of 4 mA in complex II, and the characteristic angle (a)
of the LA—LB interaction is around 158°. These values are also
in agreement with typical LA—LB complexes.*”'® Furthermore,
small changes in the covalent parameters occur upon the
complex formation.

A typical aspect in this interaction is that the CO, molecule
becomes slightly bent after being bound, exhibiting a
deformation of ca. 1.1° from its linear shape in both complexes.
As we will discuss in the following, this structural deformation
results in the splitting of the doubly degenerate vibrational
bending mode, v,, upon its complexation with PNA. As first
noticed for LA—LB complexes with CO,,” the splitting of the v,
mode has been used as a signature for characterizing these
types of complexes. As demonstrated in ref 12, the splitting in
degenerate vibrational modes of small linear molecules involved
in LA-LB complexation is related to the strength of the
interaction. Accordingly, for complexes I and II studied here,
this frequency splitting in CO, seems to be directly related to
the interaction between the electron deficient carbon (the
Lewis acid) of CO, and the nitro group oxygen (the Lewis
base) of PNA.

Despite small structural deformation in the moieties of these
complexes, there is considerable charge redistribution in PNA
and CO, upon complexation (see Figure 2). The population
analysis of complexes I and II using the MP2 charge density
reveals the electron-donating character of the nitro group
oxygen to the electron-deficient carbon of CO,, characterizing a
kind of LA—LB interaction in these complexes. This charge
redistribution is also demonstrated by comparing the calculated
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Figure 2. Charge distribution and charge transfer (CT) in the atomic
sites of the PNA—CO, complex, in comparison with the isolated
moieties, calculated using the MP2 density.

dipole moment for each complex with the corresponding value
calculated for PNA. The calculated dipole moment of the
ground state with MP2/aug-cc-pVDZ of PNA is 6.16 D, which
is in very good agreement with the experimental value of 6.2 D,
obtained by dielectric methods.*” Upon complexation, we
obtain a small reduction in the dipole moment of 0.04 D in
complex I and of 0.08 D in complex II, indicating a charge
separation in PNA. This is displayed in Figure 2, from which we
notice that the bound CO, molecules also undergo a small
charge redistribution. All of these changes reflect moderate
interaction energies of —3.71 kcal/mol in complex I and —7.44
kcal/mol in complex II, as given in Table 2. However, due to

Table 2. Interaction, Counterpoise Correction, and Zero-
Point Vibrational Energies (in kcal/mol) Calculated at the
MP2/aug-cc-pVDZ Level for the PNA-CO, Complexes

energies complex I complex IT
AE =371 =744
AE® —2.2$ —4.46
AZPVE 141 2.84

their cooperative character’” discussed here, it is difficult to
assign separate energies to the individual contributions (LA—
LB and H-bond). Even considering the zero-point vibration
energy corrections, these complexes are shown to be stable with
respective complexation energies of —2.30 and —4.60 kcal/mol.
Regarding the BSSE corrections, the calculated interaction
energies (AE®) are —2.25 kcal/mol for complex I and —4.46
keal/mol for complex II (see Table 2), which really confirm
that these complexes are weakly bound systems. The present
values are in accordance with the comglexation energy of other
LA—LB complexes studied before.'”"

It is more instructive analyzing the formation of these
complexes from the changes in their vibrational spectra, since
experimentally’” IR and Raman spectroscopies have been
employed to identify other weakly bound complexes. In this
sense, we have calculated the IR and Rama spectra, as well as
depolarized light scattering properties for specific vibrational
modes directly involved in the intermolecular interaction. The
calculated vibrational modes along with their corresponding
shifts are given in Table 3. Particularly interesting in describing
the CO, complexes with PNA, the symmetric NO, stretching
mode, v,(NO,), exhibits the most intense band both in the
Raman and in the IR spectra (see Figure 3). This mode is
characterized by the delocalization over the whole 7 system,
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Table 3. Specific Vibrational Modes and Corresponding
Shifts (in cm™") Calculated at the MP2/aug-cc-pVDZ Level

assignment PNA
stretching exptl.” theory complex I complex IT
v, (NO,) 1325 1397.3 1399.6 1401.7
Avs(NO,)” +23 +4.4
V,,(NO,) 1587 1737.2 1731.2 1726.0
Avas(NO,)? —6.0 —112
v,(C—H) 3251.7 3251.1 32632
Av,(C—H) —0.1 +11.5
v, (C—H) 32517 32634 3263.8
Av,(C-H) +11.7 +12.1
scissoring exptl.? theory complex I complex II
5(NH,) 1636 1661.9 1661.5 16613
5,(NH,), v(C—C) 1600 1634.8 1634.4 1633.9

“Refs 22, 50, 53. “Because of LA—LB or H-bond complexation.
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Figure 3. Calculated Raman spectra of PNA (black line) and PNA—

CO, (red line) at the MP2/aug-cc-pVDZ level. The inset shows the
blue shift in the {(NO,) mode upon CO, complexation.

albeit with a predominance of the C—NO, stretching,** and is
also recognized as strongly solvent dependent, in contrast to
other vibrational modes that usually undergo only minor
changes.”® As reported earlier,"”*" the large resonance Raman
activity of v,(NO,) exerts strong influence on the electronic
absorption band shape. Consequently, changes in the electronic
absorption spectrum may be investigated via specific coupling
of v,(NO,) with the solvent.

In general, the #,(NO,) mode in PNA exhibits a pronounced
vibrational solvatochromism.>" As demonstrated by Dreyer et
al,” the frequency of this band decreases with increasing
polarity of the solvent mixtures. For instance, the observed red
shift between CCl, and DMSO—Dy solutions amounts to 26
cm™!, while the shift between CCI, and toluene solutions is
only 4 cm™. On the contrary, within MP2/aug-cc-pVDZ
calculations for complexes I and II, we have found small blue
shifts in the 7,(NO,) mode of 2.3 and of 4.4 cm™, respectively,
from the isolated PNA molecule. This behavior is, however,
compatible with other weakly bound systems.”> It is worth
mentioning here that considering density-functional-theory
calculations, such as B3LYP/aug-cc-pVDZ, we obtain only a
very small red shift of 0.7 cm™ for this vibrational mode in
complex I. In addition, analyzing the asymmetric NO,
stretching mode, v,((NO,)—a moderately intense band both
in the Raman and IR spectra—we obtain within MP2 red shifts
of 6 and 11.2 cm™!, respectively, for complex I and complex IL
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Indeed, the calculated frequency of v,(NO,) appears to be
overestimated within MP2/aug-cc-pVDZ, which gives a value
of 17372 cm™ for isolated PNA, as compared to the
experimental result’® of 1587 cm™ and the B3LYP/aug-cc-
pVDZ value of 1568.6 cm™". Now considering the B3LYP level,
we obtain a smaller red shift of 3 cm™" for this vibrational mode
in complex I. We notice, however, that changes in the
vibrational spectra of the CO, complexes of PNA calculated
with B3LYP seem to be less meaningful in comparison to MP2.
This is not surprising, since these complexes are weakly bound
and high-level electron correlation may be important to
describe the intermolecular interactions as well as the electronic
structure in these complexes.>

A secondary effect, but still important in the vibrational
spectra of these LA—LB complexes, becomes evident because
of the nonconventional H-bond formed with a first neighbor
hydrogen to the nitro group in the aromatic ring of PNA and
that of the oxygen atoms of CO, (see Figure 1), acting
cooperatively in the complexation. For this reason, the
symmetric CH stretching mode, v,(C—H), involved in the
C—H:-O bond undergoes a large blue shift of 11.5 cm™ in
complex II, although no meaningful change occurs for this
mode in complex I. Moreover, in the case of the asymmetric
CH stretching mode, v,,(C—H), large blue shifts of 11.7 and
12.1 cm™" are calculated in both complexes, as given in Table 3.
Another characteristic vibrational change accompanying the
LA—LB complexation with CO, is the splitting in its v, mode.
As reported in Table 4, the degeneracy of this bending mode is

Table 4. Bending Frequency” and Splitting (in cm™) in the
CO, Molecule upon Complexation Calculated at the MP2/
aug-cc-pVDZ Level

complexes v, splitting Av,
complex I 646.7 654.3 7.6
complex I1” 646.4 (647.6) 654.5 (654.6) 8.1 (7.0)

“The calculated frequency for the isolated CO, molecule is 655.6
em™L. ®Values in parentheses refer to the symmetrically combined v,
mode of two CO, molecules.

lifted in both complexes. This effect originates from the
interaction between the electron deficient carbon of CO, and
the nitro group oxygen of PNA in the same plane of the
complex. The MP2 calculated splitting for complex I is 7.1
cm™’, although exhibiting a small absorption in the IR spectrum
and negligible intensity in the Raman spectrum. In the case of
complex II, because of the presence of two bound CO,
molecules, this splitting is still separated because of the
symmetric and asymmetric combined v, modes (see Table 4).
As expected, this splitting gives a good indication of the
complex formation, but none of them exhibits appreciable
Raman activities.

As a complement to the Raman shift, it is also interesting to
analyze the Raman light-scattering properties of the modes
involved in the LA—LB complexation. Table S reports the
calculated values of Raman intensities and depolarization ratios
for PNA and its two complexes. For each vibrational mode
considered, we report the intensity (A,) and degree of
depolarization of planar and natural incident light (p, and p,,
respectively). From these results, it is clear that the symmetric
NO, stretching mode exhibits the largest intensities among the
selected modes, but it is only moderately depolarized with
respect to the maxima depolarization ratios. Furthermore, there
are no significant variations in Pp O py upon complexation with
CO,. In turn, the asymmetric NO, stretching is the most
depolarized mode in these complexes, exhibiting maxima values
of Raman depolarization ratios (p, = 0.75 and p, = 0.86),
accordingly to the Raman light scattering. On the contrary, the
least depolarized mode among these selected modes of PNA is
v(C—H), with p, = 0.13 and p, = 024. Moreover, the
depolarization of v,(C—H) slightly increases to pp = 0.17 and
Pn = 0.29 upon the C—H:-O bond formation in complex L
Most interestingly, v,,(C—H) is highly depolarized in isolated
PNA (pp =0.71 and p, = 0.83) but yields the largest variations
upon complexation with one CO, molecule, giving p, = 0.23
and p, = 0.37. This reduction in the depolarization ratios may
be useful to identify the LA—LB complexation of PNA with
CO,.

3.2. Electronic Absorption Spectra of PNA and Its
Complexes in SCCO,. To describe the electronic excitations
of PNA, which is a prototypical “push—pull” molecule, one
usually considers a combination of neutral and zwitterionic
charge-transfer (CT) resonance structures.'” Recently, Narra et
al.>® have proposed a partial quinoid structure to explain the
lowest excited triplet (T1) state of PNA in acetonitrile.
However, in its lowest singlet # — #* CT absorption the
ground state is dominated by the neutral form, whereas the
excited state presents a considerable contribution of the CT
form (Figure 4). This is in line with the large increase, of about
9 D, observed in the dipole moment from the ground state to
the lowest singlet state.*” Considering an isolated PNA
molecule, we have calculated a vertical excitation energy of
4.31 eV using TD-CAM-B3LYP/aug-cc-pVDZ (with the MP2/
aug-cc-pVDZ optimized geometry), whereas the experimental
value®” for the corresponding excitation is 4.24 eV (see Table
6).

As in the case of the vibrational spectra of PNA, its CT
electronic absorption is also strongly dependent on the solvent.
Because of the high polarity of PNA, it is expected that the
solvatochromic shift of the electronic CT band increases with
the increasing polarity of the solvent. However, for PNA in
SCCO,, a small shift in the CT absorption band is expected
since CO, is a nonpolar solvent. The experimental data®® in
SCCO, for different densities have shown absorbance maxima

Table 5. Raman Intensities (in A*/amu) and Depolarization Ratios Related to Plane-Polarized and Natural Incident Light

Calculated at the MP2/aug-cc-pVDZ Level

PNA complex I complex IT
mode A, Po P A, Py P A, Po P
v,(NO,) 653 0.24 0.38 734 0.23 0.37 824 0.22 0.36
v, (NO,) 107 0.75 0.86 114 0.75 0.86 122 0.75 0.86
v(C—H) 138 0.13 0.24 80 0.17 0.29 188 0.12 0.21
v, (C-H) 17 0.71 0.83 121 0.23 0.37 56 0.75 0.86
1558 dx.doi.org/10.1021/ct401081e | J. Chem. Theory Comput. 2014, 10, 1554—1562
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Figure 4. Electrostatic potential (in a.u.) calculated with MP2/ aug-cc-
pVDZ for the neutral (top) and zwitterionic (bottom) forms of PNA.

Table 6. Vertical Excitation Energies (in eV) for the Lowest
Singlet 7 — z* CT Absorption Calculated at the TD-CAM-
B3LYP/aug-cc-pVDZ Level, Within the S-QM/MM Method
for PNA in SCCO,

PNA in the gas

phase PNA in supercritical CO,
PNA+ 12 CO, + 350
theory exptl. PNA + 350 PC PC exptl.
-7 431 4.24 422 £ 0.01 4.13 + 0.02 3.89
shift —0.09 + 0.01 —0.18 + 0.02 —0.35

near 3.89 eV, which corresponds to a solvatochromic red shift
of 0.35 eV (2823 cm™') going from the gas phase. This
variation, however, is surprisingly higher as compared to the
measured shifts of the electronic CT bands of PNA in binary
mixtures with different polarities.”® For example, the electronic
shifts vary about 1300 cm™ between CCl, and toluene, while
the shift between CCl, and DMSO—Dy is about 5000 cm™,
according to experiments carried out by Dreyer and Werncke.”®

To better understand this problem, we have initially taken
into account the isolated PNA molecule in a polarizable
continuum model to represent the SCCO,, which corresponds
to a dielectric constant € = 1.5. As given in Table 7, our
calculated excitation energy value with TD-CAM-B3LYP/aug-
cc-pVDZ (within the MP2/aug-cc-pVDZ optimized geometry
in PCM) is now 4.13 eV, corresponding to a red shift of 0.18

Table 7. Vertical Excitation Energies (in eV) for the Lowest
Singlet £ — % CT Absorption Calculated at the TD-CAM-
B3LYP/aug-cc-pVDZ for PNA and its Complexes I and II in
SCCO, (PCM)

PNA complex I complex IT exptl.
- * 4.13 4.08 4.03 3.89
shift —-0.18% —0.23 —0.28 -0.35

“From PNA in the gas phase.
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eV (1452 cm™). Despite possible deficiencies of LC-DFT
calculations to reproduce absorption spectra, it is also expected
from the PCM approach, without considering explicit solvent
molecules, that the calculated shift at this level should be
underestimated in low polarity solvents, as compared to the
experimental value of 0.35 eV (see Table 7).

In the next step, we have considered statistically uncorrelated
configurations obtained from an MC simulation performed for
one PNA molecule in 500 CO, molecules within supercritical
conditions. From our S-QM/MM scheme, we have considered
two situations: (i) one PNA within an embedding of 350 CO,
molecules treated as point charges (PC) representing the
solvent molecules and (ii) one PNA plus 12 CO, molecules
within an embedding of 350 CO, molecules treated as point
charges. In Figure Sa, we illustrate the explicit molecules in the
first solvation shell of PNA in SCCO,. Although there is clear
evidence of aggregation of CO, around the solute, as
demonstrated by the radial distribution function (RDF)
displayed in Figure Sb, it gives no evidence of specific
interactions formed around the nitro group of PNA.

The calculated average shifts for the different levels i and ii
are reported in Table 6. As can be seen, the effect of a purely
electrostatic embedding amounts to a red shift of only 0.09 eV,
whereas the inclusion of 12 CO, molecules belonging to the
first solvation shell of PNA increases this shift to 0.18 eV. We
notice, however, that this value is well comparable to the shift
calculated with one PNA molecule in PCM. This result means
that the effect of explicit CO, molecules, even considering the
supercritical conditions during the simulation, is not enough to
describe the red shift of the # — #* CT band in SCCO,. In
practice, the classical model*® employed for CO, could hardly
describe quantum chemical interactions such as LA—-LB
interactions. Thus, possible effects in the electronic spectrum
due to specific interactions between PNA and CO, may be
assessed via a detailed microsolvation analysis.

As reported here, we have demonstrated that PNA,
possessing an electron-donating functional group, may exhibit
specific interactions with CO,, most probably of Lewis acid—
base nature. In this sense, LA—LB interactions may be
sufficiently long-lived to influence the intramolecular CT
electronic transition of PNA. Consequently, upon complexation
with CO,, a relatively higher red shift in the absorption band of
PNA, compared to its gas phase, should be expected in the
electronic spectrum. Therefore, considering the calculated
vertical excitation energies of complexes I and II, at the TD-
CAM-B3LYP/aug-cc-pVDZ level in PCM (e = 1.5), we obtain
significant increases in the lowest singlet 7 — #n* CT
absorption band of PNA (see Table 7). For example,
considering complex I, the calculated red shift increases to
0.23 eV, which corresponds to 66% of the experimental data,
whereas considering complex II, this value increases to 0.28 eV,
giving 80% of the experimental data. As complex I should be
most probable to be formed in SCCO2, the failure of TDDFT
in reproducing the solvatochromic shift should amount to 34%.

In Figure 6, we display the Kohn—Sham highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of both complexes, as obtained
with TD-CAM-B3LYP(PCM)/aug-cc-pVDZ and optimized
structures with MP2(PCM)/aug-cc-pVDZ. Differently from
those observed for LA—LB complexes of CO, with carbonyl
groups,'> the HOMO and LUMO of the PNA-CO, complexes
essentially remain delocalized in the PNA molecule. At this
level of calculation, the LUMO energy of the PNA molecule in
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Figure S. (a) Illustration of one configuration of PNA in SCCO, containing 12 molecules of CO, obtained from the MC simulation. (b) Radial
distribution function (RDF) of CO, carbon atoms around the nitro group of PNA.
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Figure 6. Kohn—Sham frontier molecular orbitals of the dominant
linear response transition vector for the lowest singlet 7 — #* CT
excitation of the LA—LB complexes of PNA, calculated at TD-CAM-
B3LYP/aug-cc-pVDZ.

PCM is —1.40 eV, whereas it is shifted to —1.46 €V in complex
I and —1.53 eV in complex II. However, the main effect of the
CO, molecule is inducing charge redistribution in PNA, which
appears to be responsible for the high red shift observed in its 7
— * intramolecular CT excitation, from the gas phase.

4. SUMMARY AND CONCLUSIONS

In this work, based on recent experimental studies of PNA in
SCCO,, we have employed ab initio quantum chemical
methods to carry out a theoretical prediction of the possible
existence of a specific interaction between PNA and CO,,
which can account for the unusual solvatochromism of PNA.
The solute—solvent interaction was supposed to be of the
Lewis acid—base nature. The resulting geometries and binding
energies of PNA—CO, complexes also suggest the existence of
a C—H--O interaction between a first neighbor hydrogen atom,
relative to the nitro group in the aromatic ring of PNA, and one
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of the oxygen atoms of CO,. Also, Raman spectroscopic
properties of the proposed complexes are in line with the LA—
LB interactions. Other evidence of this complexation is the
observation of the splitting of the vibrational mode v, in the
CO, molecule. This splitting indicates that the double
degeneracy of this mode is removed due to the interaction of
electron lone pairs of the nitro oxygen with the carbon atom of
the CO, molecule.

Experimentally, our theoretical contention may be supported
by the relatively strong 7 — 7* absorption band in the near-
UV—vis spectral region observed for PNA in SCCO,. In this
direction, we have performed an S-QM/MM simulation under
supercritical conditions to evaluate the lowest singlet excitation
of PNA within LC TD-DFT. The results show that the
inclusion of 12 CO, molecules, belonging to the first solvation
shell of PNA, within an embedding of 350 CO, molecules
treated as point charges representing the solvent molecules,
gives an average shift of 0.18 + 0.02 eV. This value corresponds
to only 51% of the experimental data. As expected, the
structures of SCCO, obtained from a classical simulation could
hardly describe quantum chemical interactions such as LA—LB
interactions. However, considering formation of PNA-CO,
complexes, we have obtained significant increases in the
solvatochromic shift of lowest excitation of PNA. Our
calculated red shift from the gas phase accounts for 66% to
80%, depending on the degree of complexation, of the
experimental data. These results thus alleviate the failure
commonly attributed to LC TD-DFT in reproducing the
solvatochromic shift of the lowest CT excitation in PNA.
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